Measurements of the velocity dependence of the angular intensity distribution of 6Li and 7Li beams scattered by a crossed Hg beam are reported. The Li beams were velocity selected, the Hg beam Maxwellian. Angular intensity distributions were measured at various relative velocities (v,) from 700-1200 m/sec, relative total cross sections (q) from v,=300 to 1350 m/sec. The differential cross sections show expected quantum interferences. Scattering patterns for 6Li-and 7Li-Hg are found to be identical at the same de Broglie wavelength. The over-all angular dependence of the scattering at low angles follows the 0-7 / 3 relationship characteristic of an r-6long-range potential. Extrema in the total cross sections q(v,) were also observed. The experimental data were analyzed in terms of a Lennard-Jones (12, 6) potential, but it was not possible to determine a unique set of potential parameters. Comparison of observed and calculated results has yielded three nearly equivalent sets of (T,' lying within the ranges 2.5::
INTRODUCTION
T HE present study of the elastic scattering of lithium by mercury represents an extension and elaboration of the preliminary work of Hostettler and Bernstein! (HB) , in which quantum effects in atom-atom scattering were first observed.
Relative differential and total cross sections for the scattering of velocity-selected atomic beams of 6Li (and 7Li) by a crossed thermal beam of Hg have been measured over a range of collision energies. The experimental data on the velocity dependence of the quantum effects (i.e., the interferences in the angular distributions and the extrema in the total cross sections) are compared with predictions based on a L-J (12, 6) potential. Methods are presented to correlate and interpret angular scattering patterns and high-order extrema in atom-atom impact spectra in terms of the interaction potential.
II. EXPERIMENTAL a. Apparatus
The apparatus was essentially the same as that employed in a previous study.2 The Li beam (the primary beam) passes through a velocity selector3; it is modulated at 25 cps and intersects the Hg beam at a right angle. The Li source, velocity selector, modu- lator, collimator, and Hg beam source and collimator are mounted on a turntable which rotates about the intersection of the Li and Hg beams. This allows the stationary detector to be set at any angle (in the plane of the two beams) with respect to the primary beam.
The Li beam is detected by conversion to ions by surface ionization on a hot, oxygenated Pt-W filament; the ions are accelerated to an electron multiplier. The output of the multiplier is fed to a cathode follower followed by a 25-cps narrow-band amplifier and phasesensitive detector.
Small changes in the experimental arrangement used in the earlier work1. 2 were as follows.
The alkali oven slit was widened, while the Hg oven slit and collimator were narrowed; the Hg oven slit was packed with Zacharias foil. The liquid-nitrogencooled shield around the Hg oven was improved, reducing the amount of scattering from background Hg. A controller maintained the Hg oven temperature within ±0.2°C, yielding a beam stability of better than 1 % for several hours. Table I lists the important apparatus dimensions. The half-widths of the source, collimator, detector, detector beam stop, umbra, half-intensity points (equivalent rectangular image), and penumbra are denoted, respectively, by : s, c, d, b, u, h, p; Iii is the distance from Point i to Point j; "t" designates the scattering center or target. Primed quantities refer to half-heights.
The geometrical resolution angle is 6.8 min; the Kusch 4 resolution angle (at which the efficiency of detection of scattering is 50%) is 15 min.
b. Materials
Mallinckrodt reagent-grade mercury (> 99.99%) was used.
Oak Ridge National Laboratories, suppliers of the 7Li and 6Li used, furnished the following analysis: isotopic 3 H. U. Hostettler and R. B. Bernstein, Rev. Sci. lnstr. 31, 872 (1960) .
4 P. Kusch, J. Chern. Phys. 40, 1 (1964) . During a typical experiment, the vacuum was 10-6 Torr, the temperature of the Li-beam oven was HOOoK; the Hg-beam oven was at 440oK, yielding an attenuation lo/l in the range 1.1 to 1.7. The detection sensitivity for Li was about 1()4 atom/sec, compared with 1()2 atom/sec for K or Cs in the same apparatus. The lower sensitivity was due to the increased noise level from "bursts" of alkali ions from the high-temperature oxygenated filament. 5 For total cross-section measurements, a Li velocity (VI) was chosen; the primary-beam intensity was measured with the Hg beam on (I) and with the Hg beam interrupted by a shutter (lo); this was repeated at various Li velocities. 6 For angular distributions, the zero-degree transmission (l/lo) was measured; then the detector was placed at various angular positions with respect to the primary beam and the scattered intensity recorded, and then the 0° transmission remeasured. This procedure was repeated for each velocity and isotope. Most experiments were repeated on several days.
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d. Data Processing and Method of Presentation
Differential Cross Sections
Experimental results were converted from measured angles Oa and fluxes Fa, in the apparatus coordinate system (subscript a), to angles 0 and fluxes F, in the 5 R. E. Minturn, S. Datz, and E. H. Taylor, J. Appl. Phys. 31, 876 (1960) . 6 Measurements were considered valid only if those taken near the end of the series reproduced those taken at the beginning. Both theoretical and experimental angular distributions show decreases in intensity of many orders of magnitude as the scattering angle is increased. Even on a semilog plot of intensity vs angle, small quantum effects (undulations) are difficult to observe in the presence of a rapidly changing monotonic (classical) background. For a potential with a long range ,.--s dependence, the classical low-angle scattering is given 7 by the Kennard 9 formula
(1) Angular distributions for the K-and Cs-Hg systems had been found 2 to accord with this relation for O~ 10°, suggesting the utility of a function
which should be essentially constant at low angles, except where deviations from a smooth e-i dependence occur. This allows detection of quantum undulations with great sensitivity. This method of presentation has therefore been adopted.
Total Cross Sections
Previous work lO has shown that total cross-section (Q) data may best be compared with theory when 
where vr is an average relative velocity approximated by (4) with V2, the average speed of the secondary beam molecules taken as (5) 1917 (1964) J has shown that in place of V2 2 in Eq. (4) it is more correct to use (X22 (= 2kT 2 /'m2).
III. EXPERIMENTAL RESULTS
Differential Cross Sections
A semilogarithmic plot of the original data for a typical experiment is shown in Fig. 1 . The vertical lines show the uncertainty (due to signal to noise) of each point. On this type of plot, undulations appear as "shoulders" on the decreasing background curve. Since the curve shapes are identical for the curve drawn through the points representing the most probable value of the intensity and a curve drawn through the ends of the ranges, only the most probable value is used in subsequent calculations. Figure 2 is a log-log plot of the same data after conversion to the C.m. system. Due to the small mass ratio (Li/Hg), the scattering angles are nearly the same in the c.m. and apparatus systems; in this example, 8a of 30.0° corresponds to 8 of 32.5°. The low-angle scattering falls close to the line drawn with the theoretical classical slope of -i, suggesting that the G(8) curve might be nearly horizontal. Figure 3 shows the plot of G (8) , with the undulations now appearing as sinusoidallike deviations from a smooth curve. Using this presenta- plying a large number of replicate experiments (or exceptionally good agreement between a smaller number). Table II and Fig. 6 summarize the data. The entries in Table II The earlier measurements of HB (using natural isotopic Li) agree well with the 1Li data of the present more extensive and more precise experiments. 
Total Cross Sections
Relative total cross-section measurements were made for both isotopes of Li. some hint of extrema, which are made apparent by Figs. 8 and 9, which show the data for 6Li and 7Li, respectively. The lower sections of these graphs also show various predicted patterns of extrema in the total cross sections (to be discussed later). Unfortunately the imprecision in the data is such as to preclude the determination of extrema velocities with any degree of reliability.
IV. THEORETICAL DISCUSSION
The goal of a scattering study such as the present one is to evaluate the interaction potential from the .i.
.7
• Li-Hg ..i.. scattering cross sections. In previous studies of heavyparticle systems at thermal energies, quantum effects in du (8) / dQ have been unresolved, only the gross, essentially classical features being observed.2.11.12a Thus, it has been possible to fit the "shape" of the observed angular distributions 13 . 14 with the use of simple two-or three-parameter potential functions and classical mechanics alone. These methods are, however, fairly insensitive, and considerable ambiguity in the potential remains even after a "successful" fit to an angular distribution of presently attainable accuracy. (This is basically due to the fact that the smooth, low-resolution " shape" contains relatively few information bits.) Also, 11 D. Beck, J. Chern. Phys. 37, 2884 (1962 of course, the derived parameters themselves depend strongly upon the assumed functional form of V(r).
For low-energy scattering of low reduced-mass systems (for which quantum effects should be important) a fair number of quantum calculations have now been carried out,r·15-17 using two-to five-parameter potentials. Unfortunately, with the exception of the data of Ref. 1, the only relevant observations are the essentially unresolved angular distributions of Knauer 18 for He-and HrHg and ZabeF9 for He-and H 2 -He. It is obvious that when quantum effects can indeed be resolved, the angular scattering patterns offer a rich source of information. For example, in the present instance considering only the angular positions of the extrema in the G (8) shape of du (0) / dQ and the total cross-section data], 67 information bits (Table II) are available with which to attempt the "inversion"2o operation (cross sections~ potential) . This "overdetermination" of a few-parameter potential has, however, not been fully exploited in the present study, because of the rather primitive inversion technique currently practical. The present procedure (which may be termed synthetic rather than analytic) may be summarized as follows:
(1) Several "reasonable" values of the quantum parameter 15 B=2J.lEU 2 /1i2 were chosen. Figure 10 shows a typical calculated angular distribution curve, 1*(8), for B=2000, A=40; also shown is a semilog plot of the corresponding G* (0) curve. A typical family of G*(8) curves (logG* vs 0) is shown in Fig. 11 . The ordinate scale for each successive curve is displaced vertically by one log unit.
It is interesting to note the disappearance of the second maximum as A is increased from 27(B=1500). When a maximum-minimum pair is just barely detectable as a shoulder on the G* curve a dotted symbol is used in subsequent graphs. Figures 12-14 Although relatively insensitive to B, the curve shape and spacing depends very strongly upon A. This presentation should allow the prediction of the scattering patterns for any value of A within the range for which the patterns were calculated.
If the experimental scattering patterns can be fitted to the theoretical ones, then the vertical position at which a good fit is obtained should determine (J directly. The set of experimental points21 shown in Fig. 6 was superimposed upon each theoretical scattering pattern curve at a number of positions corresponding to values of (J ranging from 2 to 6 A. Figure 14 shows the superposition of the experimental data on the calculated pattern at which the best agreement between theory and experiment was found (i.e., for B= 1000). The maximum possible sum of the "weights" of the experimental points is 250; unfortunately, even for the best fit, only about 160/250 of the total weight agrees with theory. Table III lists the values of (J obtained by this superposition procedure. From the values of (T and B, it is possible to calculate a value for E: (using p. for 7Li) ; these values of E: are also listed. As mentioned above, the fit corresponding to Set 1 is somewhat better, so that those parameters are to be considered the preferred set.
The rather poor quality of the fit with any of the calculated scattering patterns raises some doubt as to the validity of the L-J (12, 6) potential on which the analysis is based, in accord with the findings of Mueller,I6 Pauly,22 and others .
With regard to the total cross sections (Figs 8-9 ), the precision of the available data does not warrant a detailed comparison of theory and experiment (such as that carried out for Li-Xe, etc. 23 ). Instead, the data are tested for compatibility with the (J and E: deduced from the differential cross sections.
The lower sections of Figs. 8 and 9 show theoretical extrema patterns calculated using the procedure of 21 No attempt was made to fit the experimental points for each isotope separately. The experimental points for both isotopes agreed well, and the theoretical curves appear to be insensitive enough to B so that the 14% difference in B due to the different reduced masses should not affect the results. 22 R. DUren and H. Pauly, Z. Physik 175, 227 (1963); 177, 146 (1964 Table IV gives the values of B, u, and fU at which a reasonable fit was obtained between experimental and calculated extrema patterns. The E(J' product thus obtained from the total cross sections may be combined with the (J' obtained from the angular distributions to obtain a "check" value of B (self-consistency): (6) Table V summarizes the results of the present investigation for the Li-Hg system. As mentioned earlier, Set 1 is to be preferred. 24 T ABLE IV. Parameters obtained using combined data on total cross sections and angular distributions.
No. This is the first system for which both the extrema in the total cross sections and the undulations in the differential cross sections have been observed. In spite of the problems encountered, the methods of analyzing the data allow reasonable limits to be placed on the values of u and e: 2.5 A~u~3.5 A and 4800<elk~ lO08°K. In the Li-rare-gas systems 23 values of u exceeding 4.5 A and elk~1500K were found in all cases.
The present results indicate a considerably greater depth of the Li-Hg potential well and a significantly smaller equilibrium interatomic separation, implying that the LiHg (2~+) molecule is more tightly bound than the comparable Li-rare-gas diatom. (The compound LiHg is known from studies of the Li-Hg phase diagram. 2S )
From experiments on rainbow scattering, the well depths for the K-Hg and Cs-Hg systems have been estimated. 2 For these systems, the elk values were 539° and 558°K, respectively. Pauly12b has recently reported values ~or Na-, K-, and Rb-Hg: 572°, 544°, ~nd 529°K, respectIvely. The present elk results for LI-Hg (Sets 1 and 2) are similar. This raises the interesting possibility that the well depth for the alkali-Hg systems may be nearly constant.
V. SUMMARY AND CONCLUDING REMARKS
The velocity dependence of the angular distribution of Li scattered by Hg has been measured by the atomicbeam technique. The angular distribution showed evidence of oscillatory quantum interferences. By proper selection of the velocity for each of the isotopic Li species (i.e., choosing the same de Broglie wavelength for the system 6Li-Hg and 7Li-Hg), the same scattering pattern was observed for the different isotopes at constant A. In addition, the gross angular dependence of the low angle scattering is in accord with predictions based on an assumed long-range inverse-sixth-power dependence of the attractive potential. From the comparison of theoretical predictions with the experimentally observed undulation patterns in the angular distributions (at various relative velocities), assuming a L-J (12,6) potential, it was found that u lies in the range 2.5 to 3.5 A.
Values of the relative total cross section have also been measured as a function of velocity. The atom-atom impact spectra exhibit extrema, as expected on theoretical grounds. Although these measurements are of marginal precision, they allow a crude determination of the product eu, from which the value of e may be estimated. The values of elk so determined range from 480° to lOOO°K.
The present study indicates that only moderate improvements in molecular-beam scattering techniques would yield sufficient precision to enable an "overdetermination" of the potential for light-atom systems. Given more precise data on the velocity dependence of the total and differential elastic scattering cross sections, it should be possible, in the future, to extract potential parameters of high accuracy which could be useful in extending our knowledge of interatomic forces.
